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ABSTRACT 
The e f f e c t  o f  charge c o n t r o l  on t h e  performance o f  Nickel-Cadmium 
b a t t e r i e s  i s  ve ry  important .  The purpose of t h i s  paper i s  t o  d e s c r i b e  t h e  
r e s u l t s  o f  t h r e e  t e s t s  performed i n  t h e  B a t t e r y  Test  Centre o f  ESTEC. Two 
techniques were employed : t h e  t a p e r i n g  method wel l  known f o r  space 
a p p l i c a t i o n s ,  and t h e  temperature  d e r i v a t i v e  technique (TDT) developped b y  
ESTEC. 
I n  a d d i t i o n ,  a comparative s tudy  h a s  ,been made between the  behaviour 
of  a group of 3 b a t t e r i e s  charged and discharged i n  p a r a l l e l  compared t o  an 
i d e n t i c a l  group discharged i n  p a r a l l e l  , but  charged ind iv idua l1  y. 
An approach o f  evo lu t ion  laws f o r  t h e  main e l e c t r i c a l  c h a r a c t e r i s t i c s  
o f  c e l l s  i s  p re sen t ed ,  then  some ageing equa t ions  w i l l  be in t roduced .  These 
t e s t s  were supported by  t h e  European Space Agency p r o j e c t  ERS-1 and 
analyzed b y  t h e  Univers i ty  Paul Saba t i e r  o f  Toulouse ( P r .  Comtat) under 
ESTEC Contract  (1). 
INTRODUCTION 
In ESA GEO Spacec ra f t ,  i t  h a s  become usua l  t o  charge t h e  
Nickel-Cadmium b a t t e r i e s  u n t i l  a c e r t a i n  temperature-dependent b a t t e r y  
vo l t age  has  been reached. Following t h i s  t h e  b a t t e r y  vo l t age  i s  he ld  a t  
t h i s  va lue  and t h e  c u r r e n t  allowed t o  f a l l ,  o r  " taper" .  Since t he  s u n l i g h t  
per iods  a r e  long compared t o  t h e  e c l i p s e s  t h e r e  i s  no shor tage  o f  time t o  
recharge  t h e  b a t t e r i e s .  In  Low-Earth-Orbit (LEO) the  s i t u a t i o n  is  v e r y  
d i f f e r e n t ,  s i n c e  t h e  b a t t e r y  charging has  t o  be  completed wi th in  a per iod 
of  some 65 minutes .  Wirh t h e  l a r g e r  European c r a f t  such a s  SPOT, ERS-1 and 
EURECA, r e q u i r i n g  s e v e r a l  k i l o w a t t s  o f  e c l i p s e  power, it i s  necessary  t o  
minimise t h e  s i z e  o f  t h e  s o l a r  a r r a y  s o  a s  t o  reduce t h e  a r r a y  and 
p rope l l an t  load .  In  o rde r  t o  use t h e  a r r a y  power most e f f i c i e n t l y  i t  i s  
t h e r e f o r e  d e s i r a b l e  t o  reduce t o  a minimum period o f  t a p e r  charge i n  which 
a r r a y  power i s  wasted. 
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Indeed,  t h e  t ape r ing  method c o n s i s t s  i n  a  charge a t  cons t an t  c u r r e n t  
r a t e  ( i n  genera l  C/2 o r  C/3) up t o  an appl ied  b a t t e r y  vo l t age  l i m i t ,  a f t e r  
which remaining t ime of  charge i s  performed a t  cons tan t  v o l t a g e ,  t h e  
cu r r en t  taper ing .  For t h e  t a p e r  charge c o n t r o l  method, e i g h t  c e l l  vo l t age  
l i m i t s  spaced 20 mv a p a r t  were def ined  according t o  t h e  following equat ion  
( f i g .  3 )  
Where T i s  t h e  c e l l  temperature i n  degree Cels ius  
n  i s  t he  l e v e l  number 
The VL l e v e l  ( n  = 5 )  i s  chosen i n  order  t o  main ta in  t h e  b a t t e r y  f u l l y  
charged during the  l i f e  t ime t e s t ;  t he  changes o f  temperature a r e  
au toma t i ca l ly  compensated with t h e  t a p e r  c o n t r o l  u n i t .  This method was used 
f o r  t h e  SPOT t e s t s  and the  Hybrid t e s t s .  A t  t he  same t ime poss ib l e  
a l t e r n a t i v e  c r i t e r i a  i n d i c a t i n g  b a t t e r y  f u l l  charge was cons idered .  
The p r i n c i p l e  t o  the  new b a t t e r y  charging technique ( 1 )  i s  t o  
te rmina te  t h e  charge a t  cons tan t  c u r r e n t  when t h e  b a t t e r y  temperature 
s t a r t s  t o  i nc rease  following the  endothermic r e a c t i o n  o f  t he  f i r s t  per iod 
of charge. The temperature i s  measured a t  i nd iv idua l  b a t t e r y  c e l l  l e v e l  a t  
the l o c a t i o n  o f  t h e  t h i n  meta l  thermal conduction p l a t e s  between t h e  
i s o l a t e d  c e l l s .  It i s  thus  v i r t u a l l y  independent of  environmental 
temperature f l u c t u a t i o n s .  This  technique allows one t o  reduce by  
approximately 30% t h e  power compared with t h e  " taper ing  technique". The 
l o g i c  c i r c u i t  ( f i g u r e s  4 and 5) d e t e c t s  end of charge during the  sun l igh t  
phase of an o r b i t  when t h e  b a t t e r y  temperature s t a r t s  t o  i nc rease  f o r  a  
temperature d e r i v a t i v e  l e v e l  (dT/d t )  ca l cu la t ed  from the  s e t  o f  t he rmis to r s  
which a r e  connected t o  t he  p o s i t i v e  input  of an ope ra t iona l  ampl i f i e r  s e t  
up with a  ga in  o f  about 2700. The temperature d e r i v a t i v e  l e v e l  f o r  end of  
charge i s  equal  t o :  
The remaining p a r t  of t h e  sun l igh t  period i s  spent  i n  open c i r c u i t  
mode. The f i g u r e s  no 4 and 9 g ive  an example of  t h e  r e l a t i o n s h i p  between 
b a t t e r y  v o l t a g e ,  c u r r e n t  and c e l l  temperature i n  a  low e a r t h  o r b i t  p r o f i l e .  
TEST PROGRAMME 
Three t e s t s  were conducted a s  fol lows,  each us ing  t h e  same d ischarge  and 
a v a i l a b l e  charge t ime.  
1. ('SPOT t e s t ' )  3  i d e n t i c a l  b a t t e r i e s  charged and discharged i n  
p a r a l l e l  with t ape r  charge c o n t r o l .  
2. ( 'Hybrid t e s t ' )  3  i d e n t i c a l  b a t t e r i e s  discharged i n  p a r a l l e l  but 
charged independent1 y  each with t a p e r  charge 
con t ro l  
3.  ( 'Reference t e s t ' )  A s i n g l e  b a t t e r y  with temperature d e r i v a t i v e  
charge c o n t r o l .  
The c u r r e n t  passing through each b a t t e r y  of  a  group w a s  s e p a r a t e l y  
measured. 
The b a t t e r i e s  c o n s i s t  of 14 Ni-Cd c e l l s  (SAFT type V035M) connected i n  
s e r i e s .  The nominal capac i ty  i s  35 Ah. 
Figure 1 shows t h e  method of  b a t t e r y  packaging, thermal d i s s i p a t i o n  
being obtained by  monitor ing the  b a t t e r i e s  on t h e  ground with an air-cooled 
basep la t e .  One c y c l e  cons is ted  of  a  charge and t h r e e  s t e p s  of d i scharge  
chosen t o  s imula te  t he  power p r o f i l e  o f  t he  s a t e l l i t e  payload ( f i g .  2 ) .  
SYMBOLS AND STUDIED PARAMETERS 
A,B,C,D,E,F,G key p o i n t s  
- 
QD discharged capac i ty  (average  i n  Ah) 
- 








recharge f a c t o r  = -
Qd 
depth  of  d i scharge  
(percentage  of  ncminal capac i ty )  
charge and d ischarge  c u r r e n t  ( A )  
end of  charge b a t t e r y  v o l t a g e  
(average over cyc l ing  pe r iod )  
end of charge c e l l  v o l t a g e  (Volt)  
end of  d i scharge  b a t t e r y  vo l t age  
(average over cyc l ing  pe r iod )  
energie (KJ) 
cs 
cor r .  C 
Wd. 
energie e f f i c i e n c y  (percentage) - x 100 
w c 
standard v a r i a t i o n  
cor re la t ion-coef f i c i en t  
RESULTS ANALYSIS FOR THE SPOT-TESTS (9000 cycles)  
A typ ica l  record of t h e  b a t t e r y  parameters during one cyc le  i s  given 
with f i g .  6. Points  of  i n t e r e s t  a r e  marked by l e t t e r s .  
The parameters of each b a t t e r y  were recorded separa te ly  i n  order  t o  
evaluate  the  p a r a l l e l  chargeldischarge e f f e c t  upon the  b a t t e r i e s  e l e c t r i c a l  
behaviour . 
The l e v e l  no 5 was applied with f o r  consequence a recharge f a c t o r  near 
t o  1.05. The t ab le  1 groups together  t h e  main r e s u l t s  about the  applied 
t e s t  condi t ions .  These values a r e  v a l i d  up t o  cycle  8000. After  t h i s ,  the  
depth of  discharge was reduced from 27% t o  23%. 
The f i r s t  r e s u l t s  show t h a t  the  values a r e  reproducable from one 
b a t t e r y  t o  an o the r ;  secondly, t h e  b a t t e r y  vol tages  a t  a l l  t h e  key points  
during a cycle  stayed s t a b l e  apa r t  from the  end of the  second discharge 
s t age  b a t t e r y  vol tage  (point  E ')  for  the  peak power simulat ion (SPOT load 
p r o f i l e )  where we can apply an evolut ion law a s  follows: 
with N = cycle number 
Uo and m were determined by a regress ion  method ( s e e  t a b l e  2 ) .  The end 
o f  discharge vol tage  (point  F') varied s t r o n g l y  and p e r i o d i c a l l y  without 
the  p o s s i b i l i t y  t o  develop an equation expressing t h e  trend of Ueod with 
cycle  number. The energy e f f i c i e n c y  was g r e a t e r  than 80% which was one of  
the  requirements for  t h i s  type of LEO missions ( f ig .  7 ) .  
The c e l l  temperatures appeared n e a r l y  t h e  same f o r  the  three  
b a t t e r i e s ,  b u t  never the less  with a g r e a t  d i spe r s ion  which d id  not allow t o  
provide an evolut ion law. 
RESULT ANALYSIS FOR THE HYBRID TESTS 
The t e s t  cond i t i ons  a r e  sunrmarised i n  t h e  t a b l e  3. The t e s t  has  
per  formed 7000 cyc les  without  i n t e r r u p t i o n .  An i n t e r e s t i n g  parameter i s  t h e  
b a t t e r y  v o l t a g e  d i s p e r s i o n  and t h e  charge time a t  cons tan t  c u r r e n t  
( t a b l e  4 ) .  From the  t e s t  r e s u l t s  we can determine t h r e e  evolu t ion  laws 
g iv ing  t h e  t ime i n  func t ion  of t h e  c y c l e  number. Apparently most of t h e  key 
poin ts  i nd ica t ed  no change dur ing  the  7000 cyc le s ,  o n l y  the  poin t  F' (end 
of  d i scharge  b a t t e r y  vo l t age )  showed a l i n e a r  decrease  dur ing  t h e  cyc l ing  
( f i g .  8 and t a b l e  5 ) .  
The b a t t e r y  temperatures  showed a s i g n i f i c a n t  v a r i a t i o n  between t h e  
t h r e e  b a t t e r i e s ,  a t  a l l  s t a g e s  dur ing  a cyc l e  ( t a b l e  6 ) .  
RESULTS ANALYSIS FOR THE REFERENCE TEST 
As  mentioned below, t h i s  t e s t  used t h e  temperature d e r i v a t i v e  
technique. Two s e r i e s  of  c y c l e s  have been achieved: 
- F i r s t ,  two thousand cyc le s  were performed with a v e r y  simple 
p r o f i l e  c o n s i s t i n g  of  a charge a t  cons t an t  cu r r en t  u n t i l  TDT 
d e t e c t i o n  followed by an open c i r c u i t  f o r  t he  end of charge 
period.  Discharge was a l s o  a t  cons t an t  c u r r e n t  ( f i g .  9 ) .  During 
t h i s  t e s t  phase,  t h e  K recharge  f a c t o r  has  been cons tan t  and 
equal  t o  1.09. The DOD was around 26.2% and t h e  energy 
e f f i c i e n c y  f l u c t u a t e d  between 89 and 82%. 
- A second s e r i e s  of  cyc l ing  w a s  later c a r r i e d  out  with t h e  same 
p r o f i l e  a s  def ined  f o r  t he  SPOT and Hybrid t e s t s .  The DOD was o f  
25.8% with a recharge f a c t o r  of 1.11. 
During the  f i r s t  s i x  hundred c y c l e s ,  t h e  b a t t e r y  degraded l i n e a r l y  
u n t i l  a s t eady  s t a t e  was reached. Indeed, t h e  end of  d i scharge  vo l t age  
decreased g r a d u a l l y  from 1.30 v o l t  t o  1.15 v o l t ;  and then  remained s teady .  
The average end of d i scharge  b a t t e r y  vo l t age  was of 16.2 V with 0 equal  
t o  0.4 v o l t .  Furthermore, we didn '  t see  no tab le  evo lu t ion  of  t h e  charge 
time a t  cons t an t  c u r r e n t  f o r  t h e  5000 c y c l e s  ( f i g .  10).  The average 
amplitude o f  temperature per  cyc l e  f o r  t he  Reference t e s t  was lower than 
fo r  t he  SPOT and Hybrid t e s t s  ( t a b l e  7 ) .  
A1  though t h e  energy e f f i c i e n c y  remained almost cons tan t  dur ing  the  
cyc l ing ,  a s l i g h t  decrease  i n  both t h e  charge and d ischarge  energ ies  
appeared a f t e r  cyc l e  3800. 
EVOLUTION LAWS 
Equations which descr ibe  the  v a r i a t i o n s  of vol tage  and temperature 
with t h e  cycl ing  time a r e  shown below. mom the  f i r s t  s e r i e s  of r e s u l t s  of  
the  r e fe rence  t e s t  we have t r i e d  a s imi la r  approach t o  t h a t  used t o  
d e s c r i b e  chronopotentiometry. Two cases have been s tudied .  
- "Fast" systems where the  i n t e r f a c i a l  concentrat ions a r e  i n  a  
balance s t a g e ,  we introduce the  term "Ti" t r a n s i t i o n  time where 
the  concentrat ions C (0,  T i )  = 0; 
the re fo re  ; 
Where Do and Dr a r e  the  d i f f u s i o n  c o e f f i c i e n t s  of  oxidis ing  and 
reducing species  r e spec t ive ly  and t i s  the  redox r e  
- With the  second case ,  "slow" systems, 
cinet ic ,  law: 
with h = t r a n s f e r  c o e f f i c i e n t  I 
na = e lec t ron  number exchanged i n  the  redox reac t ion  
kO= t r a n s f e r  speed 
Therefore,  two d i f f e r e n t  laws have been t r i e d :  
~~3 - ta 
1) U = A + K  l n  (model 1 )  
pi+ - t3 
2) U t =  A '  + K' In  (model 2)  
TI;+ 
The parameters have been determined with the  f i r s t  s e r i e s  of  r e s u l t s  
of the  reference  t e s t  fo r  which the  power p r o f i l e  was the  s imples t .  It 
appears t h a t  the  f i r s t  model i s  b e t t e r  adapted fo r  thiz charge mode whereas 
the  second i s  b e t t e r  f o r  the  discharge phase. ( f i g  . l l )  
During the cycl ing ,  Ti and K from equation 2 were found t o  decrease on 
discharge whereas on charge using equation 1, Ti increased whilst K 
decreased ( f i g .  13) .  Because of the  more complicated discharged p r o f i l e  the  
models were inappl icable  for  the  second s e r i e s  of t h e  reference t e s t  a s  
w e l l  a s  the  SPOT and Hybrid t e s t s .  Indeed, the  l a r g e  random v a r i a t i o n s  
found i n  Ti and K confirm t h a t  such an approach i s  cor rec t  only when charge 
and discharge a r e  ca r r i ed  out a t  constant  c u r r e n t .  
Concerning t h e  curves of temperature versus time, it was found t h a t  
the  temperature was proport ional  t o  1//t fo r  the  charge period,  whereas it 
was proport ional  d i r e c t l y  t o  time on discharge.  No v a r i a t i o n s  due t o  ageing 
were d iscernable .  
CONCLUSION 
The main r e s u l t s  a r e  summarized i n  t a b l e  7. The r e s u l t s  coming from 
the  SPOT t e s t s  showed t h a t  most of the  e l e c t r i c a l  performances of the  t h r e e  
b a t t e r i e s  were s imi la r .  The end of discharge b a t t e r y  vol tage  f luc tua t ions  
a r e  c e r t a i n l y  due t o  a  thermal unbalance of the  b a t t e r i e s  during cycl ing .  
This indica ted  t h a t  the  main f a c t o r  t o  be considered fo r  a  p a r a l l e l  
charging system i s  the  thermal environment of the  b a t t e r i e s .  
The Hybrid t e s t  presented l e s s  f luc tua t ions  i n  the end of discharge 
b a t t e r y  vol tage  from cycle  t o  cycle  than the  SPOT t e s t .  Charging the  th ree  
b a t t e r i e s  sepa ra te ly  has s t a b i l i z e d  t h e i r  appropriate recharge f a c t o r .  
Indeed the  Hybrid-test r e s u l t s  showed a  l i n e a r  decrease of the  b a t t e r y  
vol tage  (po in t  F ' ,  f i g  8 )  during the cycling from 17 v o l t s  t o  14 v o l t s ,  o r  
l e s s  for  the  Battery 2 where the  k recharge fac to r  was the  lowest (K = 
1.04). The SPOT t e s t  r e s u l t s  showed a  general  f luc tua t ion  of Ue0d 
between 18 and 14 v o l t s  . ( f i g . l 4 ) .  The reason f o r  t h i s  i n s t a b i l i t y  seemed 
due t o  a  too  low applied recharge fac to r .  
The Reference t e s t  gave fo r  the  f i r s t  t i m e ,  r e s u l t s  confirming t h a t  
the  Temperature Derivative Technique (TDT) seems a  s u i t a b l e  one fo r  
charging b a t t e r i e s  i n  LEO. Indeed, the  main c r i t e r i o n  fo r  a  good b a t t e r y  
management system i s  t o  maintain the  end of discharge c e l l  voltage a s  high 
as poss ib le  and with minimum v a r i a t i o n  . t h i s  s i t u a t i o n  has been observed 
during the  cycl ing  where the  b a t t e r y  vol tage  reached the  average value a t  
end of discharge of  16 v o l t s  ( f i g .  15 and t a b l e  7 ) .  
It i s  c l e a r  t h a t  the  TDT method presents  some advantages i n  comparison 
with t h e  "standard" management because i ts  p r inc ip le  i s  d i r e c t l y  r e l a t e d  t o  
the  r eac t ions  occuring i n  the  b a t t e r i e s  a t  end of  charge. In another hand, 
the  TDT s tops  t h e  charging where b a t t e r i e s  a re  charged and avoids any 
overcharge whatever the  DOD p r o f i l e  i s  i n  opera t ion;  t h a t  i s  a major 
i n t e r e s t  fo r  l i f e t i m e .  
We can mention t h a t  a s imi la r  t e s t  i s  running a t  the  Bat tery  Test 
Center a t  ESTEC with th ree  b a t t e r i e s  of 14 V035M c e l l s  each charged and 
discharged i n  p a r a l l e l  and managed by the  Temperature Derivat ive Technique 
a t  15 " C .  Present ly  about 6000 cyc les  have been ca r r i ed  without problem. 
The end of charge and end of discharge c e l l  vo l t age  remain s t a b l e  with the  
r e spec t ive  values:  1.48 v o l t  and 1.20 v o l t .  
It i s  sure  t h a t  a l l  the  t e s t s  described have been ca r r i ed  out with 
"commercial c e l l s "  (with the  same type of  e lec t rodes  used for  the  space 
c e l l s ) ,  but  never the less  the  comparison between the  d i f f e r e n t  charge 
techniques remain v a l i d .  
I f  the  TDT method appears ve ry  a t t r a c t i v e ,  i t  s t i l l  presents  some 
i n c e r t a i n t i e s  for  a space app l i ca t ion  such as :  
- i n t e r fe rences  between b a t t e r y  d i s s i p a t i o n  and external  heat  
sources l i k e  so la r  r ad ia t ion ,  b a t t e r y  hea te r s ,  . . . . . 
- i t s  behaviour under o r b i t a l  condit ions requi r ing  the  b a t t e r y  
power during a pa r t  of the  sunl ight  period,  o r  with v a r i a b l e  
DOD and discharge a t  constant  power ins tead  of constant  cu r ren t  
as  used i n  the  above mentioned t e s t s .  
The use of  mathematical models i n  order  t o  represent  the  c e l l  
evolut ion i n  cycl ing  i s  l imi ted  t o  t h e  simple charge and discharge p r o f i l e s  
such a s  the  ones f o r  the  Reference t e s t  ( f i r s t  s e r i e s ) .  
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Table 1 .  SPOT TESTS CONDITIONS 
Table 2. EVOLUTION LAWS FOR THE SECOND DISCHARGE STATE BATTERX 













Evolution Laws for the second Discharge Stage Battery Voltage (SPOT t e s t s )  










(vo l t s )  
Battery A : U F ~ A  = 17.53 - 5.7.10'~ N 
Battery B : UF'B = 17.47 - 4.2.10'4 N 























Table 3. HYBRID TESTS CONDITIONS 
Table 4. EVOLUTION LAWS FOR THE CHARGE TIME AT CONSTANT CURRENT 
(HYBRID TESTS) 












Table 5. EVOLUTION LAWS FOR THE END OF DISCHARGE BATTERY VOLTAGE 
(HYBRID TESTS) WITH N = CYCLE NUMBER 










Ba t t e ry  1 : t = 0,543 - 16,2.10'6 N 
B a t t e r y  2 : t = 0,573 - 40,2. N 














( v o l t )  
Ba t t e ry  1 : UFtl = 16,66 - 2,4.10'~ N 
Bat t e ry  2 : UFt2 = 16,75 - 3,8.1r4 N 
Bat t e ry  3 : UFt3 = 16,69 - 2,5.10"~ N 













Table 6. AVERAGE IN CELL TEMPERATURES FOR THE HYBRID TEST 
Table 7. GENERAL RESULTS FOR THE THREE TESTS 
BATTERIES 
SEPARATION PLATE 
DIMENSIONS IN mm. 
Figure 1. Diagram of the Packaging 
POWER ( W  1 
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Figure 5 .  Temperature Derivative Technic Principle 
0,s 180 1,s TIME ( hour 1 









Figure 8. Battery Voltage Evolution at the End of  Charge (Point G') and End 
of  Discharge (Point F') in Function of the Cycle Number 






4000 CYCLE NUMBER 
Figure 10. Rcferencc-Test (Second Series) Charge Time 
at Constant Current 
- EXPERIMENTAL CURVE 
Figure 1 1 ; Reference-Test (First Series), Cycle 1000 
Cronopotentiometric Models for the Battery Voltage 
for Charge and Discharge Periods 
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Figure 12. Reference-Test (First Series) r and K Evolution in Function of 
the Cycle Number for the Discharge Period 
T ( IN hour 
I 0'00 2000 CYCLE NUMBER 
PARAMETERS A K 
A T 
Figure 13. Reference-Test (First Series) T and K Evolution in Function 
of the Cycle Number for the Charge Period 


